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(57) ABSTRACT 
An object is to improve the cycle performance by improving 
the reactivity between lithium and a negative electrode active 
material in the case where an alloy-based material Such as 
silicon is used as the negative electrode active material. A 
method of manufacturing a lithium secondary battery includ 
ing a positive electrode including a positive electrode active 
material into/from which lithium can be inserted/extracted, a 
negative electrode including a negative electrode active mate 
rial into/from which lithium can be inserted/extracted, and an 
electrolyte solution is provided. The method includes the 
steps of electrochemically inserting lithium into the negative 
electrode with use of a counter electrode before the lithium 
secondary battery is assembled, electrochemically extracting 
part of the lithium inserted into the negative electrode after the 
insertion, and assembling the lithium secondary after the 
extraction. 
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LITHIUMISECONDARY BATTERY AND 
MANUFACTURING METHOD THEREOF 

TECHNICAL FIELD 

The present invention relates to a lithium secondary battery 
and a manufacturing method thereof, specifically relates to a 
lithium secondary battery with less irreversible capacity in an 
initial period of charge-discharge cycles. 

BACKGROUND ART 

In recent years, with the advance of environmental tech 
nology, power generation devices (e.g., Solar power genera 
tion devices) which pose less burden on the environment than 
conventional power generation methods have been actively 
developed. Concurrently with the development of powergen 
eration technology, development of power storage devices 
has also been underway. 
As an example of power storage devices, a lithium second 

ary battery that is a secondary battery is given. A lithium 
secondary battery is widely spread because the lithium sec 
ondary battery has high energy density and is well Suited for 
miniaturization. As an electrode material of a lithium second 
ary battery, a material in/from which lithium can be inserted/ 
extracted is preferably used. Examples of the electrode mate 
rial include a carbon-based material Such as graphite and an 
alloy-based material Such as silicon or silicon oxide. Among 
alloy-based materials, silicon-based active material is par 
ticularly expected to be a host material of lithium because the 
theoretical capacity of silicon is about tentimes as high as that 
of graphite. 

However, even in a lithium secondary battery in which a 
carbon-based material Such as graphite or an alloy-based 
material such as silicon is used for a negative electrode active 
material, it is extremely difficult to extract all lithium intro 
duced at charge from a positive electrode material Such as 
LiFePO, LiCoO, or LiMnO into the alloy-based material 
of the negative electrode active material is extracted at dis 
charge. Accordingly, there is a problem in that a certain 
amount of lithium remains in the alloy-based material. In 
other words, there is a problem in that lithium is used for 
irreversible capacity, resulting in a decrease in discharge 
capacity of the secondary battery and a decrease in perfor 
mance as a battery. 

In order to solve such a problem, many researches have 
been conducted, and patent documents have reported on Such 
researches (e.g., see Patent Documents 1 to 3). For example, 
Patent Document 1 discloses a lithium secondary battery 
formed in Such a manner that a carbon material for a negative 
electrode is doped with a lithium-containing metal oxide for 
a positive electrode after the battery is assembled, and the 
positive electrode is doped with lithium provided in the bat 
tery. In this lithium secondary battery, a lithium metal and the 
positive electrode are connected through a resistive element, 
and the resistive element controls current flowing between the 
lithium metal and the positive electrode; thus, after the assem 
bling of the battery, the positive electrode is doped with 
lithium by the electrochemical connection. 

Patent Document 2 discloses a lithium secondary battery 
which includes a positive electrode formed with lithium man 
ganese oxide serving as a positive electrode active material, 
and a negative electrode formed with a carbon material Serv 
ing as a negative electrode active material. According to 
Patent Document 2, metal lithium is put in a battery can in 
advance; an electrolyte Solution is added to cause short circuit 
between the metal lithium and the positive electrode, so that 
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2 
lithium corresponding to irreversible capacity of the negative 
electrode is introduced into the positive electrode; and then 
initial charge is performed between the positive electrode and 
the negative electrode. By this method, lithium ions transfer 
from the metal lithium to the positive electrode, and from the 
positive electrode to the negative electrode, so that the nega 
tive electrode is doped with the lithium ions. Consequently, 
the negative electrode can be doped with lithium, which cor 
responds to irreversible capacity. 

Patent Document 3 discloses a negative electrode formed 
in Such a manner that lithium insertion treatment is performed 
on a negative electrode material formed of silicon with anion 
implantation apparatus in advance. 

REFERENCE 

Patent Document 

Patent Document 1 
Japanese Published Patent Application No. H08-255635 
Patent Document 2 
Japanese Published Patent Application No. H10-223259 
Patent Document 3 
Japanese Published Patent Application No. 2002-93411 

DISCLOSURE OF INVENTION 

The conventional methods disclosed in Patent Documents 
1 and 2, however, have a purpose of Supplying lithium to a 
negative electrode including a carbon-based material and sili 
con are used as active materials, and do not change the reac 
tivity of these active materials. Therefore, cycle deterioration 
has not been significantly prevented. Particularly in the case 
where silicon is used as the active material, the operating 
potential range is limited, so that high capacity, which is the 
nature of the silicon negative electrode, has been sacrificed. In 
addition, the conventional methods have problems as follows: 
lithium remains at the Surface of the negative electrode; a 
process of manufacturing a lithium secondary battery is com 
plicated; and the like. In the method of implanting lithium 
ions in advance, which is disclosed in Patent Document 3, 
sufficient effect of preventing the deterioration cannot be 
obtained because the concentration of lithium implanted is 
low. In addition, the method is highly difficult from the point 
of achieving a device structure. 

In view of the above, an object of one embodiment of the 
present invention is to improve the cycle performance by 
improving the reactivity between lithium and a negative elec 
trode active material in the case where an alloy-based mate 
rial Such as silicon is used as the negative electrode active 
material. Another object is to provide a lithium secondary 
battery capable of maintaining high capacity without sacri 
ficing high capacity, which is the nature of the negative elec 
trode formed of the alloy-based material. Another object is to 
provide a lithium secondary battery including a negative elec 
trode at the surface of which lithium does not remain. Another 
object is to fabricate a lithium secondary battery without 
using an additional apparatus Such as a lithium ion implanta 
tion apparatus and complicating a manufacturing apparatus 
and a manufacturing process. 
One embodiment of the present invention is a method of 

manufacturing a lithium secondary battery including a posi 
tive electrode including a positive electrode active material 
into/from which lithium can be inserted/extracted, a negative 
electrode including a negative electrode active material into/ 
from which lithium can be inserted/extracted, and an electro 
lyte solution. The method includes the steps of electrochemi 
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cally inserting lithium into the negative electrode with use of 
a counter electrode before the lithium secondary battery is 
assembled, electrochemically extracting part of the lithium 
inserted into the negative electrode after the insertion, and 
assembling the lithium secondary after the extraction. 

In particular, in the insertion of lithium into the negative 
electrode which is performed before the battery is assembled, 
it is preferable that the amount of lithium inserted into the 
negative electrode active material for forming the negative 
electrode be the approximately maximum amount. 

In the extraction of part of lithium which is performed after 
the insertion of lithium into the negative electrode and before 
the assembling of the battery, it is preferable that lithium 
corresponding to 9% or greater of the maximum amount of 
lithium capable of being inserted into the negative electrode 
(total capacity) be made to remain. The amount of lithium 
remaining can be greater than or equal to 9% and less than or 
equal to 43% of the total capacity. 

In the insertion of lithium into the negative electrode, when 
a charge-discharge rate is set at 0.2C, the insertion is prefer 
ably performed such that a potential difference between the 
negative electrode and the counter electrode is greater than or 
equal to 0.03 V and less than or equal to 0.2 V. 

According to one embodiment of the present invention, 
lithium can be Supplied to a negative electrode in advance, 
and the cycle deterioration of a lithium secondary battery can 
be prevented by changing the reactivity between lithium and 
the negative electrode active material in the fabrication of the 
battery. 
As described above, the cycle deterioration can be pre 

vented while the capacity of the negative electrode formed of 
an alloy-based material is kept. In particular, use of silicon as 
the negative electrode active material makes it possible to 
prevent the cycle deterioration while high capacity, which is 
the nature of the silicon negative electrode, is maintained. 

According to one embodiment of the present invention, 
lithium does not remain at the Surface of a negative electrode, 
which is different from the conventional methods; thus, the 
reliability of a lithium secondary battery can be improved. 

According to one embodiment of the present invention, an 
additional apparatus such as a lithium ion implantation appa 
ratus is not needed, so that a lithium secondary battery can be 
fabricated without complicating a manufacturing apparatus 
and a manufacturing process. 

BRIEF DESCRIPTION OF DRAWINGS 

In the accompanying drawings: 
FIG. 1 shows charge and discharge curves of a full cell 

including a silicon negative electrode; 
FIG. 2 shows charge and discharge curves of a half cell 

including a silicon negative electrode; 
FIG. 3 is a cross-sectional view of a cell for electrochemi 

cal aging treatment; 
FIG. 4 shows cycle performance; 
FIGS. 5A and 5B are a plan view and a cross-sectional 

view, respectively, illustrating one mode of a power storage 
device; 

FIG. 6 shows application examples of a power storage 
device; 

FIGS. 7A to 7C show an application example of a power 
storage device; 

FIG. 8 shows a condition of electrochemical aging treat 
ment, 

FIGS. 9A and 9 Beach show a comparative condition of the 
electrochemical aging treatment; and 

FIG. 10 shows cycle performance. 
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4 
Hereinafter, embodiments will be described. The embodi 

ments can be implemented in many different modes. It will be 
readily appreciated by those skilled in the art that modes and 
details can be changed in various ways without departing 
from the spirit and scope of the present invention. Therefore, 
the present invention should not be interpreted as being lim 
ited to the following description of the embodiments. 

EMBODIMENT 1 

In this embodiment, electrochemical aging treatment is 
described. 

FIG. 1 shows the charge-discharge characteristics of a 
lithium secondary battery in which silicon is used as a nega 
tive electrode active material. A full cell having a structure in 
which an electrolyte solution is provided between a positive 
electrode and a negative electrode was formed and the char 
acteristics thereof were measured. In the graph, four curves 
101a, 102a, 101b, and 102b show change involtage at the first 
charge, the first discharge, the second charge, and the second 
discharge, respectively. The capacity at the first discharge is 
significantly lower than that at the first charge. Accordingly, 
the coulombic efficiency at the first cycle is low. Furthermore, 
the capacity at the second charge is lower than that at the first 
charge. Similarly, the capacity at the second discharge is 
lower than that at the first discharge. Therefore, the capacity 
gradually decreases with an increase in charge-discharge 
cycles. 

FIG. 2 shows the charge-discharge characteristics of a 
lithium secondary battery in which silicon is used as a nega 
tive electrode active material. A half cell was formed and the 
characteristics thereofwere measured. In the measurement of 
the half cell, silicon serving as the negative electrode active 
material was used for a positive electrode, and metal lithium 
was used for a negative electrode. It should be noted that in the 
case of the half cell having the electrode formed of metal 
lithium, the electrode formed of the silicon active material 
corresponds to a positive electrode. 

In FIG. 2, four curves 201a, 202a, 201b, and 202b show 
change in Voltage at the first charge, the first discharge, the 
second charge, and the second discharge, respectively. The 
charge and discharge curves at the first charge-discharge 
cycle greatly differ from those at the second charge-discharge 
cycle. In other words, the curve 202a showing the first dis 
charge rapidly falls and the capacity is not formed while the 
sharp decline, which means that irreversible capacity is 
formed on the positive electrode (the electrode formed of the 
silicon active material) side. That is, an electrolyte solution is 
decomposed by reaction between lithium and the silicon 
active material, and a film is formed at the surface of the 
electrode, for which charging current is consumed. In addi 
tion, at this time, the silicon active material and lithium do not 
react Sufficiently, and lithium is trapped to remain in silicon, 
which brings a decrease in discharge capacity. Thus, the State 
of the silicon active material is probably changed by the first 
charge and discharge. 
When a full cell is formed using a negative electrode which 

is not subjected to electrochemical aging treatment in this 
embodiment, deteriorations of a positive electrode and an 
electrolyte Solution are accelerated. In general, a negative 
electrode is formed to have a larger area or higher capacity 
than a positive electrode. Accordingly, the negative electrode 
not subjected to electrochemical aging treatment becomes a 
significant factor of deterioration. 

In view of the above, in this embodiment, by performing 
electrochemical treatment (hereinafter referred to as electro 
chemical aging treatment) on the negative electrode active 
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material before a battery is assembled, a film is formed in 
advance and reactivity between lithium and an alloy-based 
material for forming the negative electrode is improved; 
therefore, insertion/extraction of lithium into/from the nega 
tive electrode formed of the alloy-based material is facili 
tated. 

First, a cell used for electrochemical aging treatment (here 
inafter referred to as cell foraging) is formed by combination 
of an electrode formed of an alloy-based material and a 
counter electrode. The cell for aging is described with refer 
ence to FIG. 3. FIG. 3 is a cross-sectional view of the cell for 
aging. A cell for aging 300 includes a container 301, an 
electrolyte solution 302 in the container, an electrode 305 
which is an object of aging, a counter electrode 306, and a 
separator 307. The electrode 305 includes at least a current 
collector 303 and an active material layer 304 formed on the 
current collector 303. The electrode 305 is to be subjected to 
the electrochemical aging treatment and used as a negative 
electrode of a lithium secondary battery. The electrode 305 
and the counter electrode 306, which are submerged in the 
electrolyte Solution, are separated by the separator. A terminal 
of each of the electrode 305 and the counter electrode 306 is 
drawn out of the cell foraging 300. By application of voltage 
to both the terminals, lithium ions are inserted into or 
extracted from the electrode 305. 
A material into/from which lithium ions can be inserted/ 

extracted is used for the active material layer 304. For 
example, a silicon-based active material Such as silicon or 
silicon oxide or an alloy-based material Such as a tin-based 
active material can be used. Although the current collector 
303 is shown in FIG. 3, the active material layer 304 alone 
may be used as the electrode 305 without using the current 
collector 303. The theoretical lithium occlusion capacity of 
silicon is significantly larger than that of graphite. When the 
occlusion capacity is large, charge and discharge can be per 
formed Sufficiently even in a small area and a function as a 
negative electrode can be obtained; therefore, cost reduction 
and miniaturization of a secondary battery can be achieved. 
Note that since silicon or the like swells approximately four 
times its volume due to occlusion of lithium, a structure with 
a mechanism of releaving or Suppressing the expansion is 
preferably employed. 
A material having high conductivity can be used for the 

current collector 303; for example, metal such as stainless 
steel, gold, platinum, zinc, iron, copper, tin, nickel, niobium, 
tantalum, tungsten, or titanium or an alloy thereof can be 
used. The current collector 303 may have a foil shape, a plate 
(sheet) shape, a net shape, a punched metal shape, an 
expanded metal shape, or the like, as appropriate. 
The counter electrode 306 is used for insertion/extraction 

of lithium into/from an alloy-based material. For example, 
metal lithium can be used for the counter electrode 306. 
The electrolyte solution 302 is a nonaqueous solution con 

taining an electrolyte or a solution containing an electrolyte. 
Examples of the electrolyte include lithium salt such as 
LiClO LiAsF LiBF LiPF, or Li (CFSO)N. 
The electrolyte solution 302 is preferably a nonaqueous 

Solution containing an electrolyte. That is, an aprotic organic 
solvent is preferably used as a solvent of the electrolyte solu 
tion 302. Examples of the aprotic organic solvent include 
ethylene carbonate, propylene carbonate, dimethyl carbon 
ate, diethyl carbonate, Y-butyrolactone, acetonitrile, 
dimethoxyethane, and tetrahydrofuran, and one or more of 
these materials can be used. Alternatively, as the aprotic 
organic Solvent, one ionic liquid or a plurality of ionic liquids 
may be used. Owing to non-flammability and non-volatility 
of an ionic liquid, it is possible to prevent explosion, inflam 
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6 
mation, and the like of the cell foraging 300 at the time when 
the internal temperature of the cell foraging 300 rises, result 
ing in Safety of aging treatment. 
When a gelled high-molecular material containing an elec 

trolyte is used as the electrolyte solution 302, safety against 
liquid leakage and the like is improved. Examples of the 
gelled high-molecular material include a silicon gel, an 
acrylic gel, an acrylonitrilegel, polyethylene oxide, polypro 
pylene oxide, and a fluorine-based polymer. 
As the electrolyte solution 302, a solid electrolyte such as 

LiPO can be used. 
As the separator 307, an insulating porous material is used. 

For example, paper, nonwoven fabric; a glass fiber; ceramics; 
or a synthetic fiber Such as nylon (polyamide), vinylon (poly 
vinyl alcohol based fiber), polyester, acrylic, polyolefin, poly 
urethane, polyethylene, or polypropylene may be used. Note 
that a material that does not dissolve in the electrolyte solu 
tion 302 should be selected. 

Next, insertion/extraction of lithium into/from the alloy 
based material for forming the negative electrode is per 
formed by electrochemical reaction of the aging treatment. 

For the aging treatment, lithium is inserted/extracted into/ 
from the electrode 305 by application of voltage between the 
electrode 305 and the counter electrode 306. First, lithium is 
supplied from the counter electrode to the electrode 305, and 
the lithium is inserted into the active material layer 304. The 
amount of lithium to be inserted can be the maximum amount 
of lithium capable of being inserted into the active material 
layer 304. Here, the maximum amount of lithium capable of 
being inserted includes an approximate value of the maxi 
mum amount, and does not refer to the theoretical maximum 
amount of lithium to be inserted. An object of the aging 
treatment is to improve reactivity between lithium and the 
alloy-based material for forming the active material layer; 
accordingly, the amount of lithium to be inserted is not nec 
essarily limited to the maximum amount. Specifically, it is 
preferable to insert lithium corresponding to about 7% or 
higher of the total capacity. 

After the insertion of lithium into the active material layer 
304, the lithium is extracted from the active material layer 
304. However, part of the lithium inserted into the active 
material layer 304 cannot be extracted. This is probably 
because lithium is used to form a film and improve the reac 
tivity between lithium and the alloy-based material for form 
ing the active material layer 304. That is, lithium for forming 
irreversible capacity cannot be extracted. Therefore, here, at 
least lithium for forming irreversible capacity is made to 
remain and the other lithium is extracted. Specifically, it is 
preferable that lithium corresponding to 9% or higher of the 
total capacity be made to remain and the other lithium be 
extracted. It is more preferable that lithium corresponding to 
approximately greater than or equal to 9% and less than or 
equal to 43% of the total capacity be made to remain and the 
other lithium be extracted. 
The electrochemical aging treatment is preferably per 

formed at a charge-discharge rate of 0.2 C; however, this 
embodiment is not limited thereto. 

After the aging treatment, the cell for aging is disas 
sembled, and the electrode 305 subjected to the electrochemi 
cal aging treatment and a positive electrode are combinated to 
assemble a lithium secondary battery. 

FIG. 4 shows the cycle performance of the lithium second 
ary battery subjected to the electrochemical aging treatment 
described in this embodiment. The horizontal axis indicates 
the number of cyclic charge and discharge (the number of 
cycles), and the vertical axis indicates change in capacity 
(mAh/g) relative to the number of cycles. As a comparative 
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example, a curve 401 shows the cycle performance of a 
lithium secondary battery which is not subjected to any aging 
treatment. In this case, it is clear that the capacity decreases 
with an increase in the number of cycles. In the 50th cycle, 
deterioration goes on. 
A curve 402 shows measurement result of the cycle per 

formance of a lithium secondary battery which is subjected to 
the aging treatment. At the beginning of the cycles, the capac 
ity is 140 mAh/g, which is high as compared to the lithium 
secondary battery which is not subjected to the aging treat 
ment, whose capacity is about 120 mAh/g. In FIG.4, a dotted 
line 404 laterally crossing the graph shows a 20% reduction 
from the initial capacity of the lithium secondary battery 
which is subjected to the aging treatment. As for the lithium 
secondary battery which is subjected to the aging treatment, 
although the capacity decreases in the initial period of the 
cycles, the capacity does not decrease by 20% or higher of the 
initial capacity, and there in no great change in the capacity 
with an increase in the number of cycles. The capacity is 
almost stable, and slightly increases with the increase in the 
number of cycles. 
A curve 403 shows the cycle performance of a lithium 

secondary battery in which lithium corresponding to a capac 
ity of about 0.1 mAh, i.e., the irreversible capacity is electro 
chemically inserted into an electrode in advance. It is clear 
that the discharge capacity significantly decreases with an 
increase in the number of cycles. This result shows that only 
insertion of lithium corresponding to the irreversible capacity 
into the negative electrode in advance cannot prevent the 
cycle deterioration. 

Accordingly, only when the electrochemical aging treat 
ment described in Embodiment 1 is performed as appropriate, 
the cycle deterioration can be prevented. Therefore, in the 
case where an alloy-based material Such as silicon is used as 
the negative electrode active material, lithium is inserted into 
or extracted from the active material layer in advance, so that 
the reactivity between lithium and the alloy-based material 
can be improved. Consequently, a lithium secondary battery 
capable of maintaining high capacity can be provided without 
sacrificing high capacity, which is the nature of the negative 
electrode formed of the alloy-based material. Further, a 
lithium secondary battery in which lithium does not remain at 
the surface of a negative electrode can be provided, which is 
different from a lithium secondary battery fabricated by the 
conventional method. Furthermore, according to one 
embodiment of the present invention, an additional apparatus 
Such as a lithium ion implantation apparatus is not needed, so 
that a lithium secondary battery can be fabricated without 
complicating a manufacturing apparatus and a manufacturing 
process. 

EMBODIMENT 2 

Next, a method of forming the electrode 305 that is one 
embodiment of the present invention and described in 
Embodiment 1 is described with reference to FIG. 3. In par 
ticular, the case where silicon is used as an alloy-based mate 
rial for the active material layer 304 is described in this 
embodiment. 
The active material layer 304 including a plurality of whis 

ker-like (hair-like, string-like, or fiber-like) portions. The 
whisker-like active material is preferably composed of a crys 
talline core and an amorphous outer shell. The amorphous 
outer shell has resistance to change in Volume due to occlu 
sion and release of ions (e.g., relieves stress caused by change 
in Volume). In addition, the crystalline core, which has excel 
lent conductivity and ion mobility, has a characteristic in that 
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the rate of occluding ions and the rate of releasing ions are 
high per unit mass. Thus, when a plurality of whisker-like 
active materials, each of which is composed of the core and 
the outer shell, is used for the electrode 305, charge and 
discharge can be performed at high speed; accordingly, a 
lithium secondary battery whose charge/discharge capacity 
and cycle performance are improved can be fabricated. 

First, as the active material layer 304, a silicon layer is 
formed on the current collector 303 by a thermal CVD 
method, preferably an LPCVD method. Thus, an electrode 
including the current collector 303 and the active material 
layer 304 is formed. 
The current collector 303 functions as a current collector of 

the electrode. Thus, a conductive material having a foil shape, 
a plate shape, or a net shape is used. The current collector 303 
may be formed using, without particular limitation, a metal 
element with high conductivity typified by titanium, plati 
num, aluminum, or copper. Note that in the case of using 
aluminum for the current collector, an aluminum alloy to 
which an element that improves heat resistance Such as sili 
con, titanium, neodymium, Scandium, or molybdenum is 
added is preferably used. Alternatively, the current collector 
303 may be formed using a metal element that forms silicide 
by reacting with silicon. Examples of the metal element that 
forms silicide by reacting with silicon include Zirconium, 
titanium, hafnium, Vanadium, niobium, tantalum, chromium, 
molybdenum, tungsten, cobalt, and nickel. 
The active material layer 304 provided on the current col 

lector 303 includes a plurality of whisker-like portions. A 
material of the whisker-like active materials is not particu 
larly limited to silicon as long as the material can form a 
plurality of whisker-like active materials and occlude and 
release ions. In this embodiment, a manufacturing method in 
which silicon is used as the material is described. 
The plurality of whisker-like active materials can be 

formed by an LPCVD (low pressure CVD) method. Here, the 
plurality of whisker-like active materials is preferably formed 
at a temperature higher than 400° C. and lower than or equal 
to a temperature at which an LPCVD apparatus and the cur 
rent collector 303 can withstand, and preferably higher than 
or equal to 500° C. and lower than 580° C. 

In the case where the plurality of whisker-like active mate 
rials is formed, as a source gas, a deposition gas containing 
silicon is used. Examples of the deposition gas containing 
silicon include a gas containing silicon hydride, silicon fluo 
ride, and silicon chloride. Specifically, SiH, SiH, SiF, 
SiCl, SiCl, or the like can be used. Note that one or more of 
a hydrogen gas and rare gases such as helium, neon, argon, 
and Xenon may be contained in the source gas. 

Furthermore, in the formation of the plurality of whisker 
like active materials, the pressure is set to be higher than or 
equal to 10 Pa and lower than or equal to 1000 Pa, preferably 
higher than or equal to 20 Pa and lower than or equal to 200 
Pa. 

Further, when the flow rate of the deposition gas containing 
silicon is high, the deposition rate becomes high, so that 
silicon of the active material layer is likely to have an amor 
phous structure. When the flow rate of the deposition gas 
containing silicon is low, the deposition rate becomes low, so 
that silicon of the active material layer is likely to have a 
crystalline structure. Thus, the flow rate of the deposition gas 
containing silicon may be appropriately determined in con 
sideration of the deposition rate and the like. For example, the 
flow rate of the deposition gas containing silicon may be 
greater than or equal to 300 scom and less than or equal to 
1000 Scom. 
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When the source gas contains phosphine or diborane, the 
plurality of whisker-like active materials can contain an 
impurity element imparting one conductivity type (e.g., phos 
phorus or boron). When the plurality of whisker-like active 
materials contains an impurity element imparting one con 
ductivity type, the conductivity of the electrode 305 can be 
increased, so that a lithium secondary battery in which 
charge/discharge capacity is increased can be manufactured. 

With the LPCVD method, ions and electrons transfer eas 
ily at the interface between the current collector 303 and the 
active material layer 304, and the adhesion can be increased. 
In addition, throughput can be improved. 

Next, graphene which is in contact the plurality of whisker 
like active materials is formed. Here, graphene means single 
layer graphene or multilayer graphene including 2 to 100 
sheets of graphene. The single-layer graphene refers to a 
one-atom-thick sheet of carbon molecules having at bonds. In 
the electrode 305, even if the whisker-like active material 
changes its Volume due to occlusion and release of ions, the 
graphene relieves stress caused by the change in Volume, so 
that the structure of the electrode is not easily damaged; for 
example, pulverization and separation of the whisker-like 
active materials are less likely to occur. Therefore, the cycle 
performance can be improved. Furthermore, graphene which 
has high conductivity (high electron mobility) is provided 
between the plurality of whisker-like active materials, so that 
the electrode 305 can have excellent electric characteristics. 

Graphene can be formed by an oxidation method called 
Hummers method or a dip coating method; however, an elec 
trophoresis method is preferably used in the case where an 
active material layer having a complex curved Surface or 
projections and depressions such as the active material layer 
including a plurality of whisker-like active materials is pro 
vided with the graphene oxide. 

In the electrophoresis method, an object (active material 
layer including a plurality of whisker-like active materials) is 
provided in a container filled with a solution in which the 
obtained graphene oxide is dispersed; the object is used as an 
anode; a conductive material Such as a metal material or an 
alloy material is used as a cathode; and appropriate Voltage 
(e.g., 5 V to 20V) is applied between the anode and the 
cathode. As a result, a graphene oxide layer is formed over a 
surface of the object, that is, the surface of the active material 
layer including a plurality of whisker-like active materials. 
This is because a variety of functional groups from which 
hydrogen ions are detached is bonded to the graphene oxide, 
so that the graphene oxide is negatively charged in a polar 
Solvent. By the application of Voltage, the graphene oxide 
negatively charged is drawn to the anode and attached to the 
object. When graphene oxide with a required thickness is 
obtained, the object is taken out of the graphene oxide solu 
tion and dried. 
Time for performing electrophoresis (time for applying 

voltage) is preferably longer than time until the surface of the 
object is covered with the graphene oxide. For example, the 
time for performing electrophoresis may be longer than or 
equal to 0.5 minutes and shorter than or equal to 30 minutes, 
preferably longer than or equal to 5 minutes and shorter than 
or equal to 20 minutes. 

Then, part of oxygen is released from the formed graphene 
oxide by reduction treatment. As the reduction treatment, the 
graphene oxide is heated at 150°C. or higher, preferably 200° 
C. or higher in a vacuum or in a reducing atmosphere Such as 
an inert gas (nitrogen, a rare gas, or the like) atmosphere. By 
being heated at a higher temperature and for a longer time, 
graphene oxide is reduced to a higher extent so that graphene 
with high purity (i.e., with a low concentration of elements 
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other than carbon) can be obtained. The temperature for heat 
ing has to be determined in consideration of reactivity 
between the graphene oxide and the object. Note that 
graphene oxide is known to be reduced at 150° C. 

Through the above reduction treatment, the formed 
graphene oxide becomes graphene. At this time, in the 
graphene, adjacent graphene oxides are bonded to form a 
larger net-like or sheet-like network. Therefore, in the plane 
view of the active material layer, the graphene spreads con 
tinuously over a plurality of whisker-like active materials. In 
other words, the graphene spreads uniformly in the planar 
direction of the active material layer (the plurality of whisker 
like active materials) and is in contact with the plurality of 
whisker-like active materials. 

Through the above steps, the active material layer 304 can 
be fabricated. In the above manner, an electrode of a lithium 
secondary battery with good cycle performance and high 
charge/discharge capacity can be manufactured. In particular, 
the active material layer formed of silicon described in this 
embodiment is subjected to the electrochemical aging treat 
ment described in Embodiment 1, so that the reactivity 
between silicon and lithium is improved; consequently, a 
high-capacity lithium secondary battery in which deteriora 
tion in cycle performance is prevented can be fabricated. 

Note that this embodiment can be implemented in combi 
nation with any of the structures described in the other 
embodiments, as appropriate. 

EMBODIMENT 3 

In this embodiment, a power storage device on which the 
electrode described in Embodiment 1 or 2 is mounted is 
described. 
A power storage device described in this embodiment 

includes at least a positive electrode, a negative electrode, a 
separator, and an electrolyte solution. The electrode Subjected 
to the aging treatment described in Embodiment 1 is used as 
the negative electrode. 
The electrolyte Solution is a nonaqueous solution contain 

ing an electrolyte or a solution containing an electrolyte. Any 
electrolyte can be used as the electrolyte as long as it contains 
carrier ions such as alkali metal ions, alkaline earth metal 
ions, beryllium ions, or magnesium ions. Examples of the 
alkali metalions include lithium ions, sodium ions, and potas 
sium ions. Examples of the alkaline earth metal ions include 
calcium ions, strontium ions, and barium ions. In this embodi 
ment, an electrolyte containing lithium ions (hereinafter 
referred to as a lithium-containing electrolyte) is used as the 
electrolyte. 

With the above structure, a lithium-ion secondary battery 
or a lithium-ion capacitor can be formed. In addition, an 
electric double layer capacitor can be formed by using only a 
solvent for the electrolyte without using an electrolyte. 

Here, a lithium-ion secondary battery is described with 
reference to drawings. 
FIGS.5A and 5B illustrate a structural example of a power 

storage device 500. FIG. 5B is a cross-sectional view along 
dashed dotted line X-Y in FIG.S.A. 
The power storage device 500 illustrated in FIGS.5A and 

5B includes a power storage cell 504 in an exterior member 
502. The power storage device 500 also includes terminal 
portions 506 and 508 connected to the power storage cell 504. 
The power storage cell 504 includes a negative electrode 510, 
a positive electrode 512, and a separator 514 provided 
between the negative electrode 510 and the positive electrode 
S12. 
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The power storage device 500 includes an electrolyte solu 
tion 516 with which a space between the exterior member 
502, the power storage cell 504, and the separator 514 is filled. 
For the exterior member 502, a laminate film, a polymer film, 
a metal film, a metal case, a plastic case, or the like can be 
used. 

The negative electrode 510 includes a negative electrode 
current collector 515 and a negative electrode active material 
layer 517. In this embodiment, the negative electrode active 
material layer 517 has been subjected to the aging treatment 
described in Embodiment 1. The negative electrode current 
collector 515 is connected to the terminal portion 508, and the 
terminal portion 508 partly extends outside the exterior mem 
ber 502. 

The positive electrode 512 includes a positive electrode 
current collector 518 and a positive electrode active material 
layer 520. In this embodiment, the positive electrode active 
material layer 520 is formed on one side or both sides of the 
positive electrode current collector 518. The positive elec 
trode 512 may include a binder and a conductive additive 
besides the positive electrode current collector 518 and the 
positive electrode active material layer 520. The positive elec 
trode current collector 518 is connected to the terminal por 
tion 506. The terminal portion 506 partly extends outside the 
exterior member 502 

Although a sealed thin power storage device is described as 
the power storage device 500 in this embodiment, the external 
shape of the power storage device 500 is not limited thereto. 
A power storage device having any of a variety of shapes, 
Such as a button power storage device, a cylindrical power 
storage device, or a rectangular power storage device, can be 
used as the power storage device 500. In this embodiment, a 
structure in which a plurality of power storage cells 504 is 
stacked is employed for the power storage device 500, but the 
number of the power storage cells 504 used for the power 
storage device 500 may be one. Furthermore, one or more 
power storage cells 504 used for the power storage device 500 
may be rolled. 

For the positive electrode current collector 518, a conduc 
tive material Such as aluminum or stainless steel which is 
processed into a foil shape, a plate shape, a net shape, or the 
like can be used. Alternatively, a conductive layer provided by 
deposition separately on a Substrate and then separated from 
the substrate can be used as the positive electrode current 
collector 518. 
The positive electrode active material layer 520 can be 

formed using any of LiFeO, LiCoO, LiNiO, LiMnO, 
LiFePO, LiCoPO, LiNiPO, LiMnPO, VOs, CrOs. 
MnO, and other lithium compounds as a material. Note that 
when carrier ions are alkali metalions other than lithium ions, 
alkaline earth metalions, beryllium ions, or magnesium ions, 
the positive electrode active material layer 520 can beformed 
using, instead of lithium in the above lithium compounds, an 
alkali metal (e.g., sodium or potassium), an alkaline earth 
metal (e.g., calcium, strontium, or barium), beryllium, or 
magnesium. 
The positive electrode active material layer 520 is formed 

over the positive electrode current collector 518 by a coating 
method or a physical vapor deposition method (e.g., a sput 
tering method), whereby the positive electrode 512 can be 
formed. In the case where a coating method is employed, the 
positive electrode active material layer 520 is formed in such 
a manner that a paste in which a conductive additive (for 
example, acetylene black (AB), a binder (e.g., polyvinylidene 
fluoride (PVDF))), or the like is mixed with any of the above 
materials for the positive electrodeactive material layer 520 is 
applied to the positive electrode current collector 518 and 
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dried. In this case, the positive electrode active material layer 
520 is preferably molded by applying pressure as needed. 

Note that as the conductive additive, any electron-conduc 
tive material can be used as long as it does not cause a 
chemical change in the power storage device. For example, a 
carbon-based material Such as graphite or carbon fibers; a 
metal material Such as copper, nickel, aluminum, or silver; or 
a powder or fiber of a mixture thereof can be used. 
As the binder, polysaccharides such as starch, carboxym 

ethyl cellulose, hydroxypropyl cellulose, regenerated cellu 
lose, and diacetyl cellulose; vinyl polymers such as polyvinyl 
chloride, polyvinyl pyrrolidone, polytetrafluoroethylene, 
polyvinylidene fluoride, polyethylene, polypropylene, poly 
vinyl alcohol, ethylene-propylene-diene monomer (EPDM) 
rubber, sulfonated EPDM rubber, styrene-butadiene rubber, 
butadiene rubber, and fluorine rubber, polyether such as poly 
ethylene oxide; and the like can be given. 
The positive electrode active material layer 520 may be 

formed using a paste of a mixture of the positive electrode 
active material and graphene instead of a conductive auxiliary 
agent and a binder. Note that an alkali metal Such as potas 
sium may be added to the graphene. Furthermore, the 
graphene can be obtained by producing graphene oxide 
through a Hummers method and performing reduction treat 
ment. 

The use of graphene instead of a conductive additive and a 
binder leads to a reduction in amount of the conductive addi 
tive and the binder in the positive electrode 512. In other 
words, the weight of the positive electrode 512 can be 
reduced; accordingly, the charge/discharge capacity of the 
lithium secondary battery per unit weight of the electrode can 
be increased. 

Strictly speaking, the term “active material' refers only to 
a material that relates to intercalation and deintercalation of 
ions functioning as carriers. In this specification, however, in 
the case of employing a coating method to form the positive 
electrode active material layer 520, for the sake of conve 
nience, the material of the positive electrode active material 
layer 520, that is, a substance that is actually a “positive 
electrodeactive material, a conductive additive, a binder, and 
the like are collectively referred to as the positive electrode 
active material layer 520. 
As the negative electrode 510, the electrode subjected to 

the electrochemical aging treatment described in Embodi 
ment 1 is used. In other words, the negative electrode current 
collector 515 of the negative electrode 510 corresponds to the 
current collector 303 described in Embodiment 1, and the 
negative electrode active material layer 517 of the negative 
electrode 510 corresponds to the active material layer 304 
Subjected to the aging treatment described in Embodiment 1. 
Note that in the electrode illustrated in FIG. 3, the active 

material layer 304 is formed on only one surface of the current 
collector 303; however, the structure is not limited thereto, 
and the active material layer 304 may be formed on both 
surfaces of the current collector 303. For example, when the 
active material layer is formed using a silicon semiconductor, 
with the negative electrode current collector held by a frame 
like susceptor in an LPCVD apparatus, the active material 
layer can be formed on both the surfaces of the negative 
electrode current collector at the same time. Accordingly, the 
number of manufacturing steps can be reduced in the case 
where both the surfaces of the negative electrode current 
collector are used for formation of the electrode. 
The electrolyte solution 516 is, as described above, a non 

aqueous solution containing an electrolyte or a solution con 
taining an electrolyte. Particularly in a lithium secondary 
battery, an electrolyte containing lithium ions (carrier ions) is 
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used. Examples of the electrolyte include lithium salt such as 
LiClO LiASF LiBF LiPF, or Li (CFSO)N. Note that 
when carrier ions are alkali metal ions other than lithium ions 
or alkaline earth metalions, alkali metal salt (e.g., Sodium salt 
or potassium salt), alkaline earth metal salt (e.g., calcium salt, 
strontium salt or barium salt), beryllium salt, magnesium salt, 
or the like can be used as a solute of the electrolyte solution 
516. 
The electrolyte solution 516 is preferably a nonaqueous 

Solution containing an electrolyte. That is, as a solvent of the 
electrolyte solution 516, an aprotic organic solvent is prefer 
ably used. Examples of the aprotic organic solvent include 
ethylene carbonate, propylene carbonate, dimethyl carbon 
ate, diethyl carbonate, Y-butyrolactone, acetonitrile, 
dimethoxyethane, and tetrahydrofuran, and one or more of 
these materials can be used. Alternatively, as the aprotic 
organic Solvent, one ionic liquid or a plurality of ionic liquids 
may be used. Owing to non-flammability and non-volatility 
ofanionic liquid, it is possible to Suppress explosion, inflam 
mation, and the like of the power storage device 500 at the 
time when the internal temperature of the power storage 
device 500 rises, resulting in improvement in safety. 
When a gelled high-molecular material containing an elec 

trolyte is used as the electrolyte solution 516, safety against 
liquid leakage and the like is improved and the power storage 
device 500 can be thinner and more lightweight. Examples of 
the gelled high-molecular material include a silicon gel, an 
acrylic gel, an acrylonitrilegel, polyethylene oxide, polypro 
pylene oxide, and a fluorine-based polymer. 
As the electrolyte solution 516, a solid electrolyte such as 

LiPO can be used. 
As the separator 514, an insulating porous material is used. 

For example, paper, nonwoven fabric; a glass fiber, ceramics; 
or a synthetic fiber Such as nylon (polyamide), vinylon (poly 
vinyl alcohol based fiber), polyester, acrylic, polyolefin, or 
polyurethane may be used. Note that a material that does not 
dissolve in the electrolyte solution 516 should be selected. 
A lithium secondary battery has a small memory effect, a 

high energy density, and a high charge/discharge capacity. In 
addition, the output voltage of the lithium secondary battery 
is high. Thus, it is possible to reduce the size and weight of the 
lithium-ion battery. Further, the lithium secondary battery 
does not easily deteriorate due to repeated charge/discharge 
cycles and can be used for a long time, leading to a reduction 
in cost. 

In the case where the power storage device described in this 
embodiment is a lithium-ion capacitor, instead of the positive 
electrode active material layer 520, a material capable of 
reversibly inserting and extracting lithium ions and/or anions 
may be used. Examples of the material include active carbon, 
graphite, a conductive high molecule, and a polyacene 
organic semiconductor (PAS). 

In a power storage device described in this embodiment, 
each of a positive electrode and a negative electrode has high 
adhesion between a current collector and an active material 
layer; accordingly, the electrodes can be bent. Thus, the 
power storage device can be flexible. 

Note that this embodiment can be implemented in combi 
nation with any of the structures described in the other 
embodiments, as appropriate. 

EMBODIMENT 4 

The power storage device described in the above embodi 
ment can be used for power Supplies of a variety of electronic 
appliances which can be operated with power. 
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14 
Specific examples of electronic appliances each utilizing 

the power storage device described in the above embodiment 
are as follows: display devices, lighting devices, desktop 
personal computers and laptop personal computers, image 
reproduction devices which reproduce still images and mov 
ing images stored in recording media Such as digital versatile 
discs (DVDs), mobile phones, portable game machines, por 
table information terminals, e-book readers, video cameras, 
digital still cameras, high-frequency heating appliances Such 
as microwave ovens, electric rice cookers, electric washing 
machines, air-conditioning systems such as air conditioners, 
electric refrigerators, electric freezers, electric refrigerator 
freezers, freezers for preserving DNA, and medical electrical 
equipment such as dialyzers. In addition, moving objects 
driven by electric motors using power from power storage 
devices are also included in the category of electronic appli 
ances. Examples of the moving objects include electric 
vehicles, hybrid vehicles each including both an internal 
combustion engine and an electric motor, and motorized 
bicycles including motor-assisted bicycles. 

In the electronic appliances, the power storage device 
described in the above embodiment can be used as a power 
storage device for Supplying enough power for almost the 
whole power consumption (referred to as a main power Sup 
ply). Alternatively, in the electronic appliances, the power 
storage device described in the above embodiment can be 
used as a power storage device which can Supply power to the 
electronic appliances when the Supply of power from the 
main power Supply or a commercial power Supply is stopped 
(such a power storage device is referred to as an uninterrupt 
ible power supply). Still alternatively, in the electronic appli 
ances, the power storage device described in the above 
embodiment can be used as a power storage device for Sup 
plying power to the electronic appliances at the same time as 
the power Supply from the main power Supply or a commer 
cial power Supply (such a power storage device is referred to 
as an auxiliary power Supply). 

FIG. 6 illustrates specific structures of the electronic appli 
ances. In FIG. 6, a display device 5000 is an example of an 
electronic appliance including the power storage device 
described in the above embodiment as a power storage device 
5004. Specifically, the display device 5000 corresponds to a 
display device for TV broadcast reception and includes a 
housing 5001, a display portion 5002, speaker portions 5003, 
and the power storage device 5004. The power storage device 
5004 is provided in the housing 5001. The display device 
5000 can receive power from a commercial power supply. 
Alternatively, the display device 5000 can use power stored in 
the power storage device 5004. Thus, the display device 5000 
can be operated with the use of the power storage device 5004 
as an uninterruptible power Supply even when power cannot 
be supplied from a commercial power Supply due to power 
failure or the like. 
A semiconductor display device Such as a liquid crystal 

display device, a light-emitting device in which a light-emit 
ting element Such as an organic EL element is provided in 
each pixel, an electrophoresis display device, a digital micro 
mirror device (DMD), a plasma display panel (PDP), or a 
field emission display (FED) can be used for the display 
portion 5002. 

Note that the display device includes, in its category, all of 
information display devices for personal computers, adver 
tisement displays, and the like besides TV broadcast recep 
tion. 

In FIG. 6, an installation lighting device 5100 is an 
example of an electronic appliance including the power Stor 
age device described in the above embodiment as a power 
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storage device 5103. Specifically, the lighting device 5100 
includes a housing 5101, a light source 5102, and a power 
storage device 5103. Although FIG. 6 illustrates the case 
where the power storage device 5103 is provided in a ceiling 
5104 on which the housing 5101 and the light source 5102 are 
installed, the power storage device 5103 may be provided in 
the housing 5101. The lighting device 5100 can receive power 
from a commercial power Supply. Alternatively, the lighting 
device 5100 can use power stored in the power storage device 
5103. Thus, the lighting device 5100 can be operated with the 
use of the power storage device 5103 as an uninterruptible 
power Supply even when power cannot be supplied from a 
commercial power Supply due to power failure or the like. 

Note that although the installation lighting device 5100 
provided in the ceiling 5104 is illustrated in FIG. 6 as an 
example, the power storage device described in the above 
embodiment can be used in an installation lighting device 
provided in, for example, a wall 5105, a floor 5106, a window 
5107, or the like other than the ceiling 5104. Alternatively, the 
power storage device can be used in a tabletop lighting device 
or the like. 
As the light source 5102, an artificial light source which 

emits light artificially by using power can be used. Specifi 
cally, examples of the artificial light source include an incan 
descent lamp, a discharge lamp Such as a fluorescent lamp, 
and light-emitting elements such as an LED and an organic 
EL element. 

In FIG. 6, an air conditioner including an indoor unit 5200 
and an outdoor unit 5204 is an example of an electronic 
appliance including the power storage device described in the 
above embodiment as a power storage device 5203. Specifi 
cally, the indoor unit 5200 includes a housing 5201, an air 
outlet 5202, and a power storage device 5203. Although FIG. 
6 illustrates the case where the power storage device 5203 is 
provided in the indoor unit 5200, the power storage device 
5203 may be provided in the outdoor unit 5204. Alternatively, 
the power storage devices 5203 may be provided in both the 
indoor unit 5200 and the outdoor unit 5204. The air condi 
tioner can receive power from a commercial power Supply. 
Alternatively, the air conditioner can use power stored in the 
power storage device 5203. Particularly in the case where the 
power storage devices 5203 are provided in both the indoor 
unit 5200 and the outdoor unit 5204, the air conditioner can be 
operated with the use of the power storage device 5203 
according to one embodiment of the present invention as an 
uninterruptible power Supply even when power cannot be 
Supplied from a commercial power Supply due to power fail 
ure or the like. 

Note that although the split-type air conditioner including 
the indoor unit and the outdoor unit is illustrated in FIG. 6 as 
an example, the power storage device described in the above 
embodiment can be used in an air conditioner in which the 
functions of an indoor unit and an outdoor unit are integrated 
in one housing. 

In FIG. 6, an electric refrigerator-freezer 5300 is an 
example of an electronic appliance including the power Stor 
age device described in the above embodiment as a power 
storage device 5304. Specifically, the electric refrigerator 
freezer 5300 includes a housing 5301, a door for a refrigerator 
5302, a door for a freezer 5303, and the power storage device 
5304. The power storage device 5304 is provided in the hous 
ing 5301 in FIG. 6. The electric refrigerator-freezer 5300 can 
receive power from a commercial power Supply. Alterna 
tively, the electric refrigerator-freezer 5300 can use power 
stored in the power storage device 5304. Thus, the electric 
refrigerator-freezer 5300 can be operated with the use of the 
power storage device 5304 as an uninterruptible power sup 
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ply even when power cannot be Supplied from a commercial 
power supply due to power failure or the like. 

Note that among the electronic appliances described 
above, a high-frequency heating apparatus Such as a micro 
wave oven and an electronic appliance Such as an electric rice 
cooker require high power in a short time. The tripping of a 
breaker of a commercial power Supply in use of an electronic 
appliance can be prevented by using the power storage device 
described in the above embodiment as an auxiliary power 
Supply for Supplying power which cannot be Supplied enough 
by a commercial power Supply. 

In addition, in a time period when electronic appliances are 
not used, particularly when the proportion of the amount of 
power which is actually used to the total amount of power 
which can be supplied from a commercial power Supply 
Source (such a proportion referred to as a usage rate of power) 
is low, power can be stored in the power storage device, 
whereby the usage rate of power can be reduced in a time 
period when the electronic appliances are used. For example, 
in the case of the electric refrigerator-freezer 5300, power can 
be stored in the power storage device 5304 in night time when 
the temperature is low and the door for a refrigerator 5302 and 
the door for a freezer 5303 are not often opened or closed. On 
the other hand, in daytime when the temperature is high and 
the door for arefrigerator 5302 and the door for a freezer 5303 
are frequently opened and closed, the power storage device 
5304 is used as an auxiliary power Supply; thus, the usage rate 
of power in daytime can be reduced. 

Next, a portable information terminal, which is an example 
of electronic appliances, is described with reference to FIGS. 
7A to 7C. 

FIGS. 7A and 7B illustrate a tablet terminal that can be 
folded. In FIG. 7A, the tabletterminal is opened, and includes 
a housing 9630, a display portion 9631a, a display portion 
9631b, a display-mode switching button9034, a powerbutton 
9035, a power-saving-mode switching button 9036, a clip 
9033, and an operation button 9038. 
A touch panel area 9632a can be provided in a part of the 

display portion 9631a, in which area, data can be input by 
touching displayed operation keys 9638. Note that half of the 
display portion 9631a has only a display function and the 
other half has a touch panel function. However, an embodi 
ment of the present invention is not limited to this structure, 
and the whole display portion 9631a may have a touch panel 
function. For example, a keyboard can be displayed on the 
whole display portion 9631a to be used as a touch panel, and 
the display portion 9631b can be used as a display screen. 
A touch panel area 9632b can be provided in part of the 

display portion 9631b like in the display portion 9631a. When 
a keyboard display switching button 9639 displayed on the 
touch panel is touched with a finger, a stylus, or the like, a 
keyboard can be displayed on the display portion 9631b. 
The touch panel area 9632a and the touchpanel area 9632b 

can be controlled by touch input at the same time. 
The display-mode switching button9034 allows switching 

between a landscape mode and a portrait mode, color display 
and black-and-white display, and the like. The power-saving 
mode switching button 9036 allows optimizing the display 
luminance in accordance with the amount of external light in 
use which is detected by an optical sensor incorporated in the 
tablet terminal. In addition to the optical sensor, another 
detecting device Such as a sensor for detecting inclination, 
like a gyroscope or an acceleration sensor, may be incorpo 
rated in the tablet terminal. 

Although the display portion 9631a and the display portion 
9631b have the same display area in FIG. 7A, an embodiment 
of the present invention is not limited to this example. The 
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display portion 9631a and the display portion 9631b may 
have different areas or different display quality. For example, 
higher definition images may be displayed on one of the 
display portions 9631a and 9631b. 

FIG. 7B illustrates the tablet terminal folded, which 
includes the housing 9630, a solar battery 9633, a charge and 
discharge control circuit 9634, a battery 9635, and a DCDC 
converter 9636. Note that FIG.7B shows an example in which 
the charge and discharge control circuit 9634 includes the 
battery 9635 and the DCDC converter 9636. The battery 9635 
includes the power storage device described in the above 
embodiment. 

Since the tablet terminal can be folded, the housing 9630 
can be closed when not in use. Thus, the display portions 
9631a and 9631b can be protected, which makes it possible to 
provide a tablet terminal with high durability and improved 
reliability for long-term use. 
The tabletterminal illustrated in FIGS. 7A and 7B can have 

other functions such as a function of displaying various kinds 
of data (e.g., a still image, a moving image, and a text image), 
a function of displaying a calendar, a date, the time, or the like 
on the display portion, a touch-input function of operating or 
editing the data displayed on the display portion by touch 
input, and a function of controlling processing by various 
kinds of Software (programs). 
The solar battery 9633, which is attached on the surface of 

the tablet terminal, Supplies electric power to a touch panel, a 
display portion, an image signal processor, and the like. Note 
that a structure in which the solar battery 9633 is provided on 
one or both surfaces of the housing 9630 is preferable because 
the battery 9635 can be charged efficiently. The use of the 
power storage device according to one embodiment of the 
present invention as the battery 9635 is advantageous in 
downsizing or the like. 
The structure and operation of the charge and discharge 

control circuit 9634 illustrated in FIG. 7B are described with 
reference to a block diagram of FIG.7C. FIG.7C illustrates 
the solar battery 9633, the battery 9635, the DCDC converter 
9636, a converter 9637, Switches SW1 to SW3, and the dis 
play portion 9631. The battery 9635, the DCDC converter 
9636, the converter 9637, and the Switches SW1 to SW3 
correspond to the charge and discharge control circuit 9634 in 
FIG. 7B. 

First, description is made on an example of the operation in 
the case where power is generated by the solar battery 9633 
using external light. The Voltage of power generated by the 
solar battery 9633 is raised or lowered by the DCDC con 
verter 9636 so that a voltage for charging the battery 9635 is 
obtained. When the display portion 9631 is operated with the 
power from the solar battery 9633, the switch SW1 is turned 
on and the voltage of the power is raised or lowered by the 
converter 9637 to a voltage needed for operating the display 
portion 9631. When display is not performed on the display 
portion 9631, the switch SW1 is turned off and the switch 
SW2 is turned on so that the battery 9635 can be charged. 

Although the solar battery 9633 is shown as an example of 
a charge means, there is no particular limitation on the charge 
means and the battery 9635 may be charged with another 
means Such as a piezoelectric element or a thermoelectric 
conversion element (Peltier element). For example, the bat 
tery 96.35 may be charged with a non-contact power trans 
mission module that transmits and receives power wirelessly 
(without contact) to charge the battery or with a combination 
of other charging means. 

It is needless to say that an embodiment of the present 
invention is not limited to the electronic appliance illustrated 
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18 
in FIGS. 7A to 7C as long as the power storage device 
described in the above embodiment is included. 

Note that this embodiment can be implemented in combi 
nation with any of the structures described in other embodi 
ments, as appropriate. 

EXAMPLE 1. 

In this example, the specific conditions of electrochemical 
aging (Electrochemical Aging Conditions 1 and 2) are 
described with reference to FIG. 8, FIGS. 9A and 9B, and 
FIG. 10. FIG. 8 is a graph showing Electrochemical Aging 
Condition 1. FIGS. 9A and 9B are graphs showing Electro 
chemical Aging Condition 2 and Electrochemical Aging Con 
dition 3, respectively. In FIG. 10, the cycle performance of a 
lithium secondary battery using a negative electrode Sub 
jected to aging treatment under Electrochemical Aging Con 
dition 1 is compared to that of a lithium secondary battery 
using a negative electrode Subjected to aging treatment under 
Electrochemical Aging Condition 2. 

In each of the aging treatment under Electrochemical 
Aging Conditions 1 to 3 described below, the active material 
layer including a plurality of whisker-like portions, which is 
formed of silicon and described in Embodiment 2, was used 
as an object of the aging. The active material layer was formed 
on a titanium sheet functioning as a current collector, and 
these were used as a positive electrode of a cell foraging. In 
each of the conditions, metal lithium was used for a counter 
electrode (a negative electrode in the cell for aging). An 
electrolyte solution in which LiPF was dissolved in a mixed 
solvent of ethylene carbonate (EC) and diethyl carbonate 
(DEC) was used. As the separator, polypropylene (PP) was 
used. These were put in a cell for charge-discharge measure 
ment (HS Test Cell produced by Hohsen Corp.). The charge 
discharge rate was 0.2 C. 
(Electrochemical Aging Condition 1) 

FIG. 8 shows Electrochemical Aging Condition 1. The 
horizontal axis indicates capacity (mAh). The vertical axis 
indicates voltage (V). As a curve 701 shows, in Electrochemi 
cal Aging Condition 1, lithium corresponding to a capacity of 
0.10 mAh was inserted into an electrode to be a negative 
electrode of a secondary battery. The amount of lithium 
inserted here corresponds to about 7% of the total capacity, 
which is the amount of lithium used for the irreversible capac 
ity of the negative electrode. As seen from FIG. 8, just after 
insertion of lithium into the electrode, the voltage is 1 V or 
higher. This is probably because lithium was mainly used for 
forming a film at the surface of the electrode. Therefore, 
silicon and lithium hardly reacted with each other. When 
lithium corresponding to a capacity of 0.10 mAh of was 
inserted, the voltage was about 0.12 V. 
(Electrochemical Aging Condition 2) 

FIG. 9A shows Electrochemical Aging Condition 2. The 
horizontal axis indicates capacity (mAh). The vertical axis 
indicates voltage (V). As a curve 801 shows, in Electrochemi 
cal Aging Condition 2, first, an approximately maximum 
amount of lithium was inserted into an electrode to be a 
negative electrode of a secondary battery. In the graph, the 
capacity increases from left to right as insertion of lithium 
proceeds. When the charge-discharge rate was set at 0.2C, the 
insertion of lithium into the negative electrode was performed 
such that the potential difference between the negative elec 
trode and the counter electrode was greater than or equal to 
0.03V and less than or equal to 0.2V. After that, as a curve 802 
shows, aging treatment was performed Such that lithium cor 
responding to a capacity of 0.13 mAh was made to remain and 
the other lithium was extracted. In FIG. 9A, a Zone 803 
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indicated by dotted lines shows the capacity of 0.13 mAh. 
This means that lithium corresponding to about 9% of the 
total capacity was made to remain. 
(Electrochemical Aging Condition 3) 

FIG. 9B shows Electrochemical Aging Condition 3. The 
horizontal axis indicates capacity (mAh). The vertical axis 
indicates voltage (V). As a curve 804 shows, in Electrochemi 
cal Aging Condition 3, first, an approximately maximum 
amount of lithium was inserted into an electrode to be a 
negative electrode of a secondary battery as in Electrochemi 
cal Aging Condition 2. When the charge-discharge rate is set 
at 0.2 C, the insertion of lithium into the negative electrode 
was performed such that a potential difference between the 
negative electrode and the counter electrode was greater than 
or equal to 0.03 V and less than or equal to 0.2 V. Next, as a 
curve 805 shows, lithium was extracted as aging treatment. 
Here, lithium was extracted Such that lithium corresponding 
to a capacity of 0.76 mAh shown by a Zone 806 was made to 
remain, which is different from Electrochemical Aging Con 
dition 2. This amount corresponds to about 43% of the total 
capacity. 
(Evaluation of Electrochemical Aging Treatment) 

FIG. 4 shows the results of measuring cycle life of a lithium 
secondary battery in which an electrode subjected to electro 
chemical aging treatment. As shown by the curve 401 show 
ing the cycle performance of the secondary battery which is 
not subjected to the electrochemical aging treatment, the 
capacity decreases with an increase in the number of cycles; 
that is, the cycle performance deteriorates. On the other hand, 
the curve 402 shows the cycle performance of the lithium 
secondary battery provided with the electrode subjected to 
the aging treatment under Electrochemical Aging Condition 
2. Although the capacity slightly decreases in the initial 
period of the cycles, the capacity does not fall below the 
dotted line 404 that denotes a decrease by 20% or more from 
the total capacity. After 50 or more charge-discharge cycles 
are performed, there is no reduction in capacity with an 
increase in the number of cycles; on the contrary, the capacity 
increases to a value close to the initial value. 

In FIG. 4, the curve 403 shows the cycle performance of a 
lithium secondary battery in which an electrode subjected to 
the aging treatment under Electrochemical Aging Condition 1 
is used as a negative electrode. With repetition of charge and 
discharge, the capacity decreases. This indicates that even 
when lithium corresponding to irreversible capacity of the 
negative electrode is inserted into the negative electrode by an 
electrochemical method in advance, the cycle performance of 
the lithium secondary battery in which an alloy-based mate 
rial Such as silicon is used as an active material is not 
improved. 

In FIG. 10, the cycle performance of the lithium secondary 
battery provided with the negative electrode subjected to 
treatment under Electrochemical Aging Condition 2 is com 
pared to the cycle performance of the lithium secondary bat 
tery provided with the negative electrode subjected to treat 
ment under Electrochemical Aging Condition 3. The 
horizontal axis indicates the number of cycles, and the verti 
cal axis indicates change in discharge capacity (mAh/g). A 
curve 901 shows the result of the electrode subjected to the 
aging treatment under Electrochemical Aging Condition 2. 
and a curve 902 shows the result of the electrode subjected to 
the aging treatment under Electrochemical Aging Condition 
3. The curve 901 and the curve 902 almost overlap with each 
other, and there is no deterioration in capacity with an 
increase in the number of cycles in either case. Therefore, the 
cycle performance of the negative electrode was improved 
under each of Electrochemical Aging Conditions 2 and 3. 
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According to the above results, electrochemical aging 

treatment is performed on an active material for forming a 
negative electrode, and then the negative electrode is pro 
vided in a lithium secondary battery, so that the deterioration 
in the cycle performance of the negative electrode is signifi 
cantly prevented. In particular, lithium is inserted into an 
alloy-based material serving as the active material for form 
ing the negative electrode, and then the lithium is extracted, so 
that the deterioration in the cycle performance of the negative 
electrode is significantly prevented. Therefore, by performing 
electrochemical aging treatment in which lithium is inserted 
and extracted on an electrode to be a negative electrode before 
a battery is assembled, the reactivity between lithium and an 
alloy-based material serving as an active material for forming 
the negative electrode is improved. 

EXPLANATION OF REFERENCE 

101a: the first charge, 101b: the second charge, 102a: the first 
discharge, 102b: the second discharge, 201a: the first 
charge, 201b: the second charge, 202a: the first discharge, 
202b: the second discharge, 300: cell for aging, 301: con 
tainer, 302: electrolyte solution, 303: current collector, 
304: active material layer, 305: electrode, 306: counter 
electrode, 307: separator, 401: curve, 402: curve, 403: 
curve, 404: dotted line denoting a decrease by 20% or more 
from the total capacity, 500: power storage device, 502: 
exterior member, 504: power storage cell, 506: terminal 
portion, 508: terminal portion, 510: negative electrode, 
512: positive electrode, 514: separator, 515: negative elec 
trode current collector, 516: electrolyte solution, 517: 
negative electrode active material layer, 518: positive elec 
trode current collector. 520: positive electrode active mate 
rial layer, 701: curve, 801: curve, 802: curve, 803: Zone, 
804: curve, 805: curve, 806: capacity, 901: curve, 902: 
curve, 5000: display device, 5001: housing, 5002: display 
portion, 5003: speaker portion, 5004: power storage 
device, 5100: lighting device, 5101: housing, 5102: light 
source, 5103: power storage device, 5104: ceiling, 5105: 
wall, 5106: floor, 5107: window, 5200: indoor unit, 5201: 
housing, 5202: ventilation duct, 5203: power storage 
device, 5204: outdoor unit, 5300: electric refrigerator 
freezer, 5301: housing, 5302: door for a refrigerator, 5303: 
door for a freezer, 5304: power storage device,9033: clip, 
9034; display-mode switching button, 9035: power supply 
switch, 9036: power-saving-mode switching button, 9038: 
operation switch, 9630: housing, 9631: display portion, 
9631a: display portion, 9631b: display portion, 9632a: 
region, 9632b: region, 9633: solar cell, 9634: charge and 
discharge control circuit,9635: battery,9636: DC-DC con 
verter, 9637: converter, 9638: operation key, 9639: key 
board display Switching button 

This application is based on Japanese Patent Application 
serial no. 2011-205100 filed with Japan Patent Office on Sep. 
20, 2011, the entire contents of which are hereby incorporated 
by reference. 
The invention claimed is: 
1. A method of manufacturing a lithium secondary battery, 

comprising the steps of 
forming a negative electrode comprising an active material 

layer over a current collector, the active material layer 
comprising a plurality of whisker-like portions; 

after the forming step, electrochemically inserting lithium 
into the negative electrode with use of a counter elec 
trode, 

after the inserting step, electrochemically extracting a part 
of the lithium inserted into the negative electrode, and 
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after the extracting step, assembling the lithium secondary 
battery comprising the negative electrode, 

wherein each of the plurality of whisker-like portions con 
sists of silicon, and 

wherein a remained lithium in the negative electrode after 
the extracting step is greater than or equal to 9% and less 
than or equal to 43% of a total capacity of the negative 
electrode. 

2. The method of manufacturing a lithium secondary bat 
tery, according to claim 1, 

wherein the inserting step is performed with a potential 
difference between the negative electrode and the 
counter electrode of greater than or equal to 0.03 V and 
less than or equal to 0.2V at a charge-discharge rate of 
O2 C. 

3. The method of manufacturing a lithium secondary bat 
tery, according to claim 1, wherein an approximately maxi 
mum amount of lithium is inserted into the negative electrode 
in the inserting step. 

4. The method of manufacturing a lithium secondary bat 
tery, according to claim 1, wherein the counter electrode is 
made of lithium. 

5. The method of manufacturing a lithium secondary bat 
tery, according to claim 1, wherein the lithium secondary 
battery is incorporated into any of a display device, a lighting 
device, a desktop personal computer, a laptop personal com 
puter, an image reproduction device, a mobile phone, a por 
table game machine, a portable information terminal, an 
e-book reader, a video camera, a digital still camera, a high 
frequency heating appliance, an electric rice cooker, an elec 
tric washing machine, an air conditioner, an electric refrig 
erator, an electric freezer, an electric refrigerator-freezer, a 
freezer for preserving DNA, and a medical electrical equip 
ment. 

6. A method of manufacturing a lithium secondary battery, 
comprising the steps of 

forming a negative electrode comprising an active material 
layer over a current collector, the active material layer 
comprising a plurality of whisker-like portions; 

after the forming step, electrochemically inserting lithium 
into the negative electrode with use of a counter elec 
trode, 

after the inserting step, electrochemically extracting a part 
of the lithium inserted into the negative electrode, and 

after the extracting step, assembling the lithium secondary 
battery comprising the negative electrode, a positive 
electrode, and an electrolyte solution, 

wherein each of the plurality of whisker-like portions con 
sists of silicon, and 

wherein a remained lithium in the negative electrode after 
the extracting step is greater than or equal to 9% and less 
than or equal to 43% of a total capacity of the negative 
electrode. 

7. The method of manufacturing a lithium secondary bat 
tery, according to claim 6. 

wherein the inserting step is performed with a potential 
difference between the negative electrode and the 
counter electrode of greater than or equal to 0.03 V and 
less than or equal to 0.2V at a charge-discharge rate of 
O2 C. 

8. The method of manufacturing a lithium secondary bat 
tery, according to claim 6, wherein an approximately maxi 
mum amount of lithium is inserted into the negative electrode 
in the inserting step. 

9. The method of manufacturing a lithium secondary bat 
tery, according to claim 6, wherein the counter electrode is 
made of lithium. 
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10. The method of manufacturing a lithium secondary bat 

tery, according to claim 6, wherein the lithium secondary 
battery is incorporated into any of a display device, a lighting 
device, a desktop personal computer, a laptop personal com 
puter, an image reproduction device, a mobile phone, a por 
table game machine, a portable information terminal, an 
e-book reader, a video camera, a digital still camera, a high 
frequency heating appliance, an electric rice cooker, an elec 
tric washing machine, an air conditioner, an electric refrig 
erator, an electric freezer, an electric refrigerator-freezer, a 
freezer for preserving DNA, and a medical electrical equip 
ment. 

11. A method of manufacturing a lithium secondary bat 
tery, comprising the steps of: 

forming an active material layer over a current collector by 
an LPCVD method, the active material layer comprising 
a plurality of whisker-like portions: 

after forming the active material layer, forming graphene 
over and in contact with the plurality of whisker-like 
portions So as to form a negative electrode; 

after forming graphene, electrochemically inserting 
lithium into the negative electrode with use of a counter 
electrode, 

after the inserting step, electrochemically extracting a part 
of the lithium inserted into the negative electrode, and 

after the extracting step, assembling the lithium secondary 
battery comprising the negative electrode, 

wherein each of the plurality of whisker-like portions is 
formed of silicon, and 

wherein a remained lithium in the negative electrode after 
the extracting step is greater than or equal to 9% and less 
than or equal to 43% of a total capacity of the negative 
electrode. 

12. The method of manufacturing a lithium secondary bat 
tery, according to claim 11, 

wherein the inserting step is performed with a potential 
difference between the negative electrode and the 
counter electrode of greater than or equal to 0.03 V and 
less than or equal to 0.2V at a charge-discharge rate of 
O2 C. 

13. The method of manufacturing a lithium secondary bat 
tery, according to claim 11, wherein an approximately maxi 
mum amount of lithium is inserted into the negative electrode 
in the inserting step. 

14. The method of manufacturing a lithium secondary bat 
tery, according to claim 11, wherein the counter electrode is 
made of lithium. 

15. The method of manufacturing a lithium secondary bat 
tery, according to claim 11, wherein the lithium secondary 
battery is incorporated into any of a display device, a lighting 
device, a desktop personal computer, a laptop personal com 
puter, an image reproduction device, a mobile phone, a por 
table game machine, a portable information terminal, an 
e-book reader, a video camera, a digital still camera, a high 
frequency heating appliance, an electric rice cooker, an elec 
tric washing machine, an air conditioner, an electric refrig 
erator, an electric freezer, an electric refrigerator-freezer, a 
freezer for preserving DNA, and a medical electrical equip 
ment. 

16. The method of manufacturing a lithium secondary bat 
tery according to claim 1, further comprising the steps of: 

forming a graphene oxide over the plurality of whisker-like 
portions, and 

performing a reduction treatment to the graphene oxide to 
release a part of oxygen from the graphene oxide. 
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17. The method of manufacturing a lithium secondary bat 
tery according to claim 16, wherein the graphene oxide is 
formed using an electrophoresis method. 

18. The method of manufacturing a lithium secondary bat 
tery according to claim 6, further comprising the steps of: 

forming a graphene oxide over the plurality of whisker-like 
portions, and 

performing a reduction treatment to the graphene oxide to 
release a part of oxygen from the graphene oxide. 

19. The method of manufacturing a lithium secondary bat 
tery according to claim 18, wherein the graphene oxide is 
formed using an electrophoresis method. 

20. The method of manufacturing a lithium secondary bat 
tery according to claim 1, wherein the active material layer 
consists of silicon by the forming step. 

21. The method of manufacturing a lithium secondary bat 
tery according to claim 6, wherein the active material layer 
consists essentially of consists of silicon by the forming step. 

22. The method of manufacturing a lithium secondary bat 
tery according to claim 11, wherein the active material layer 
is formed of silicon by forming the active material layer. 

23. The method of manufacturing a lithium secondary bat 
tery according to claim 1, wherein at least one of the plurality 
of whisker-like portions comprises crystalline silicon core. 

24. The method of manufacturing a lithium secondary bat 
tery according to claim 6, wherein at least one of the plurality 
of whisker-like portions comprises crystalline silicon core. 

25. The method of manufacturing a lithium secondary bat 
tery according to claim 11, wherein at least one of the plural 
ity of whisker-like portions comprises crystalline silicon 
COC. 
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